We present an analysis of the period distribution of ∼ 1800 Cepheids in the Large Magellanic Cloud, based on data obtained by the MACHO microlensing experiment and on a previous catalogue by Payne-Gaposchkin. Using stellar evolution and pulsation models, we construct theoretical period-frequency distributions that are compared to the observations. These models reveal that a significant burst of star formation has occurred recently in the LMC (∼ 1.15 × 10 8 years). We also show that during the last ∼ 10 8 years, the main center of star formation has been propagating from SE to NW along the bar.
Introduction
The star formation history of the Large Magellanic Cloud has attracted a lot of attention, particularly during the last couple of years. The global picture that has emerged is that this galaxy has been forming stars at a low rate during most of its lifetime and suddenly the star formation rate increased by a large factor about 3 Gyr ago (Bertelli et al. 1992 , Gallagher et al. 1996 . Much is known also on the very recent star formation (see Hyland 1991 and Kennicutt 1991 for reviews) . Between these time scales of ∼ 10 Myr and ∼ 1 Gyr, it has been suggested by several authors that there had been a significant increase of the star formation rate (e.g Girardi et al. 1995 , Wood et al. 1985 . This is typically the age range of Cepheids (∼ 100 Myr) and it is exactly this window that Becker, Iben & Tuggle (1977, hereafter BIT) have explored. Using evolution and pulsation models, they have produced theoretical Cepheid period-frequency distributions.
Several factors determine the shape of the Cepheid period distribution in a galaxy.
Among these are the details of the evolution prior to and during the Cepheid phase, the location of the instability strip and the metallicity of the galaxy (or the range in metallicity). The Star Formation Rate (SFR) and the Initial Mass Function (IMF) are external parameters also controlling the number of Cepheids as a function of period. While all these parameters are merged into a single period distribution, they do not all influence it in the same way. By comparing a theoretical distribution with the observed one, we can thus hope to constrain the ingredients making up this distribution. One of the main conclusion of BIT was an ordering in metallicity between the SMC, LMC, our Galaxy and M31, from low-to high-Z, respectively. They could roughly reproduce the distribution observed for each galaxy but they had to invoke a "two-component birthrate function" and suggested that the LMC had experienced a burst of star formation a few tens of millions of years ago. The Cepheids sample they used for the LMC was taken from Payne-Gaposchkin's -7 -catalogue (1971) of 1110 Cepheids, based on Harvard photographic plates accumulated over ∼ 60 years. With a new generation of stellar models incorporating up-to-date input physics (Fagotto et al. 1994) and, most importantly, with a larger Cepheid sample obtained as a by-product of the MACHO microlensing experiment, we thought it was timely to repeat the exercise, with a more modern and more accurate approach.
Observations and the Cepheid catalog

Observations
The MACHO project is a microlensing experiment designed to search for dark matter in the halo of the Milky Way. The observing strategy is to monitor a large number of stars (∼ 10 7 ) each night in the direction of the Large and Small Magellanic Clouds. At this time, 82 LMC fields covering approximately 40 square degrees have been monitored for ∼ 6 years.
The MACHO project uses a dedicated 1.27m telescope (located at Mt Stromlo, Australia). A specially designed instrumental system consists of wide-field corrective optics, a dichroic beam splitter and wide-pass "red" and "blue" filters. Each focal plane contains a mosaic of four 2048×2048 Loral CCDs. Imaging at the prime focus gives a field of view of 0.5 square degree. For a complete description of the telescope and camera systems, see Hart et al. (1996) and Stubbs et al. (1993) respectively. Profile-fitting photometry is performed in real-time with SODoPHOT, derived from DoPHOT (Schechter, Mateo & Saha 1994) .
The microlensing analysis (and its byproduct, variable star catalogs) is accomplished with subsets of the LMC data thus far obtained. The catalog of Cepheids analysed in this paper have been identified in the data from 22 fields used for the "two-year" LMC microlensing analysis (Alcock et al. 1997a) , to which the reader is referred for further details (i.e. the fields observed, total number of images reduced).
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The period distribution
Specific searches for Cepheids in the Macho database have been conducted yielding a catalog of ∼ 1700 variables. The search procedure will be described in detail elsewhere (Alcock et al 1998) . For our purposes, we primarily require the accurate measurements of the pulsation periods and identifications of pulsation mode (i.e. fundamental or first overtone). A number of stars (63) appear twice in this catalogue as they are in two overlapping fields; for each of these one entry has been removed from the list. We then added 72 double-mode Cepheids that have been explicitly searched for (see Alcock et al. 1995b for the search procedure and Welch et al. 1997 for the latest sample).
We have cross-correlated our sample with another major catalog of LMC Cepheids published by Payne-Gaposchkin (1971, hereafter referred to as PG). The total number of PG Cepheids in our 22 fields is 551. For each PG star, we searched a corresponding MACHO Cepheid, requiring a match between coordinates and period. Our search for
Cepheids has been iterative in nature and at each step, the number of PG stars not matching any MACHO star has been decreasing. The present sample contains only 70 PG Cepheids, not observed by MACHO (see Fig. 2 ).
As will be explained in more detail later, the periods of Cepheids coming from our population synthesis models are for the fundamental mode. In order to compare the same things, we have transformed the observed first-overtone periods into fundamental periods.
The mode identification is based on the PL relation (Fig. 1) . In a few cases, we also used the parameters R 21 and φ 21 (Simon & Lee 1981) resulting from a twelfth-order Fourier decomposition. The result is illustrated in Fig. 1 . This allows to transform the 1 st overtone periods into fundamental periods since the ratio of first-overtone to fundamental mode period is known from double mode Cepheids (Alcock et al. 1995) :
where P 0 and P 1 are the fundamental and the first-overtone periods respectively. This separation of the pulsation modes represents a major improvement over the work of BIT since they were using the PG sample that is deficient in short-period Cepheids compared to the MACHO sample. These stars are particularly difficult to detect when they are close to the detection limit of photographic plates. Furthermore our CCD photometry gives excellent quality mean magnitudes, as illustrated in Fig 1. A period-magnitude plot for the PG sample does not reveal two clearly separated sequences. This transformation modifies the period-frequency distribution significantly. The result is shown on Fig. 2 . The period-frequency distribution is characterised by a pronounced maximum at log P ≃ 0.48, a sharp break at log P ≃ 0.4, a long period tail after the maximum and a short period tail, at periods shorter than the break (∼ 600 stars). Table 1 summarises this in numerical form.
In this paper we make the critical assumption that the Cepheid catalog has no systematic incompleteness as a function of period. Incompleteness almost certainly results from the reduced effective area of the fields monitored due to details of the instrument and data reduction procedure of MACHO. There is a number of arguments that allow us to consider that we have a fair sample, not affected by any bias. The maximum of the MACHO distribution is at the same period as for the whole PG sample (551 stars in our 22 fields). Given the important differences in observational set-up and techniques used to search for variable stars, we think this maximum is a true feature of the LMC Cepheid population. The break at log P ≃ 0.4 is so sharp that it cannot be caused by a sudden decrease in variable star detection efficiency. Furthermore the detection of ∼ 8000 RR Lyrae, that are 2 to 3 magnitudes fainter than Cepheids at the break, strongly suggests that the Cepheid catalog is not magnitude limited (and thus biased toward incompleteness at short periods). Since the PG Cepheids not found in the MACHO catalog represent only 4% of the total number, we have included them in our analysis. This mixing of catalogs has -10 -a negligible effect on the results of this paper.
With the arguments given above, we are confident that our sample is representative of the true distribution of Cepheids. As a consequence, we will require from our models to reproduce the global shape of the period distribution, we will not put too much weight on reproducing each feature in great detail.
3. The star formation history
Construction of the models
To produce a theoretical period distribution, one needs evolutionary tracks and pulsation models. The tracks will tell when a star of a given mass will be at a given position in the HR diagram and the pulsation models will give the position of the instability strip and the period of the stars that are within the strip. We have used evolutionary models computed by Fagotto et al. (1994) at a metallicity Z = 0.008 corresponding to the mean metal content of young stars in the LMC. The pulsation models are from Capitanio et al.
(in preparation). They are linear models, computed in exactly the same way as in Chiosi et al. (1993) but using OPAL opacity data. For the sake of clarity, we give below the edges of the instability strip resulting from these models and the relation allowing to compute the period from M, L and T eff . These equations are
for the fundamental blue edge,
for the fundamental red edge,
for the first overtone blue edge and
A model of the star formation history is constructed by assigning a mass to a number of "synthetic" stars, the constraint being that this sample obey a specified Initial Mass Function (IMF), then distributing these stars in time according to some given star formation rate (e.g. with a constant star formation rate or a Gaussian burst). Since evolutionary tracks are given for a finite set of masses, the next step is an interpolation in log L and T eff in the tracks to get these parameters for each synthetic star. A test is then performed to determine the position of each star with respect to the instability strip; if the star is in the strip, the period is computed. This is done until the number of synthetic Cepheids is approximately the same as the observed number. The IMF has been assumed to be a power law with an exponent x = −2.35 (Salpeter 1955) .
A complication arises from the fact that there is a region of the instability strip where, according to theory, both fundamental and 1 st overtone pulsators can exist. However we do not know at present how a given star in this overlapping region "chooses" to pulsate in one mode or the other. We thus decided to assign a fundamental period to all stars in the strip. Only for stars outside the fundamental instability strip but inside the first overtone strip the period has been computed according to the relation for the first overtone. This -12 -lack of knowledge about the mode selection is the reason why, in the observed distribution, all overtone periods have been transformed into fundamental periods.
The effect of evolution models
The first and simplest model that we can build is with a constant star formation rate and an IMF slope of −2.35. It is displayed on Fig. 2b . While the break is relatively well reproduced, the maximum appears too early. There is also a deficit of long-period Cepheids and we cannot reproduce the short-period part of the distribution. We first concentrate on the position of the maximum. To obtain a maximum at a longer period, we can increase the luminosities of the model Cepheids or reduce the masses. An increase in luminosity actually shifts the whole distribution to larger periods, an undesirable result since the break is no longer reproduced correctly. It turns out that a decrease of the masses by ∼ 7% allows to reproduce the maximum and the break simultaneously. The position of the break corresponds to the mass at which the blue loop is not extended enough to reach the instability strip. Below this mass (which is ∼ 3.8 M ⊙ -modified mass) stars do not become Cepheids.
A decrease in the mass means that, for a given initial mass, the luminosity is increased but also the main-sequence lifetime is increased. This is why a change of the masses does not affect the period distribution in the same way as a change of the luminosities, since the moment when a star will become a Cepheid is also changed. A physical interpretation of this effect is that more overshooting is needed during core hydrogen-burning. To first order this has the same effect as our adopted modification of the masses. This 7% decrease in the masses could also be caused by mass loss. However this is very unlikely because it would imply mass-loss rates much larger than what are actually observed for intermediate mass stars on the red-giant branch (de Jager et al. 1988 ).
-13 - Talon et al. (1997) recently showed that a large rotation velocity (∼ 300 km/s) significantly increases the luminosity at the end of the main sequence phase. Since their 9 M ⊙ model has not been evolved beyond the end of core hydrogen burning, it would be premature to claim that rotation should be preferred over any other mechanism but at least it points in the right direction.
A problem still remains with the short-and long-period tails. A natural way of producing more long-period Cepheids is to create more stars, that is to increase the star formation rate at the right time. A Gaussian increase, centred at ∼ 1.1 × 10 8 years, with a width (sigma) of 2.4 × 10 7 years gives a relatively good agreement (see Fig. 2 ). At the maximum, this represents an SFR increase of a factor of about 7. This increase of the SFR comes as no surprise since it can actually be seen in the HR diagram (e.g. Sebo & Wood 1995) . It creates a clump of yellow-red supergiants at V − I ≃ 1 mag.
For all the models that we have constructed, we always had slightly too large a number of Cepheids around the maximum. It was not possible to have simultaneously the right number of stars at the peak of the distribution and the correct number beyond 5 days. This could be solved by invoking the existence of another component in the star formation (e.g. a very recent, low-amplitude burst). It could also reveal a problem with the evolutionary tracks. For instance, a change in the extension of the blue loops would impact the period distribution. Another possibility could be a problem with the core-helium burning lifetime of ∼ 4.5M ⊙ stars. This would also change the amplitude of the burst, in the sense that it would be lower if the Cepheid life-times were shorter for ∼ 4.5M ⊙ stars.
-14 -
Morphological distribution of Cepheids
As mentioned above, there is a clear pattern in the distribution of Cepheids as a function of period (e.g. Payne-Gaposchkin 1974). To explore this more quantitatively, we divided our sample into five regions, going from south to north of the bar. Figure 3 shows these regions with the bar outlined.
It can be seen on figure 4 that the break in the distribution is at the same period for each of the five regions. This break being a very sensitive function of metal abundance, we conclude that there is no mean abundance change across the bar of the LMC. For each region we have computed a model of the star formation history following the same procedure as above. The aim was also to determine the center (in time) of the burst and its duration (τ b and σ b respectively). Our main result is a clear displacement in time of the "star formation centre" from regions I to region V. The position of the Gaussian burst appears earlier and earlier as we move from the SE end of the bar to the NW end (see Table 2 ). The duration of the burst in each region is roughly constant. For each region, we estimated the uncertainty on τ b to be ∼ 2 Myr.
With the numbers given in Table 2 , we can compute the velocity at which the star formation peak has been propagating in the bar (assuming a distance of 50 kpc for the LMC). It took 40 10 6 yr to go from region I to region V which represents a velocity of ∼ 100 km/s. This large velocity gives support to the fact that star formation has been tidally triggered during the last passage of the LMC close to the Milky Way which, according to Lin et al. (1995) , happened roughly 150 Myr ago.
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Tests of the pulsation models
Up to now, we have only derived constraints for the evolution models. However, it is obvious that pulsation also influences the period distribution through the position of the edges of the instability strip. We have performed a series of tests of the pulsation models by shifting the blue and/or red edge in temperature. Small changes (of order 0.01 in log T e ) could be accommodated by modifying the IMF or the SFR. Changes larger than 0.02 do not give a good agreement with the observed distribution. We summarise these results as follows:
• Making the blue edge bluer: the distribution is too wide, with an excess of stars around the maximum. This also produces far too many overtones.
• Making the blue edge redder: there is a deficiency of Cepheids between 0.5 ≤ log P ≤ 0.75
• Making the red edge bluer: there is a significant lack of long-period Cepheids that can not be compensated for by a change in other parameters
• Making the red edge redder: there are too many stars around the maximum.
• Making both edges bluer: the maximum is flat, not peaked. Furthermore there are too many long-periods Cepheids.
• Making both edges redder: this gives too many Cepheids at the maximum, the effect is almost the same as making the red edge redder.
In other words, a widening of the instability strip produces too many Cepheids around the maximum and it is impossible to obtain a satisfying agreement even when changing the IMF and SFR. A change in one of the edges at a time changes the skewness of the distribution.
-16 -Quantitatively, the position of the blue edge is good to ±0.01 in log T eff . The position of the red edge is less well constrained and ±0.02 is a reasonable estimate of the uncertainty.
Changes in the IMF and SFR, simultaneously with the position of the red edge, can give a satisfactory agreement, and compensate for the change in the red edge. The overall shape and the details of the distribution are more sensitive to the position of the blue edge than to that of the red edge.
A change in the slope of the red edge, in the sense that makes the instability strip narrower at low luminosities, gave a good result. The resulting distribution is shown on Fig. 2d . A narrower strip at low luminosities will produce fewer short-period Cepheids.
It is therefore easier to create the large number of Cepheids that a constant SFR model can not reproduce. This is why the amplitude of the Gaussian component of the SFR is less important, but still necessary. With a modified red edge, the model gives a marginally better agreement with the data. It does not change significantly any of our conclusions regarding the star formation history. Therefore we decided to use the original instability strip.
The short-period Cepheids
A major failure of the models is that it is impossible to create Cepheids with periods smaller than ∼ 2.5 days (log(P ) ≃ 0.4). The reason is that the blue loops for ∼ 3 M ⊙ stars do not reach the instability strip. One could imagine changing the evolutionary path of these objects by extending their blue loops. For intermediate-mass stars, most of the core helium burning phase is spent in a band that extends from the upper left part of the HR diagram to the lower right part. To explain the presence of these short-period Cepheids in a classical framework, this band should bend back towards higher temperatures, which means that going to lower and lower masses, the blue loops should be more and more extended. Another possibility could be a biased IMF, producing an extremely large number of relatively low mass stars. Models were run with an IMF biased toward low mass stars, however without success. The reason is actually the same as for the break: below a given mass, stars do not become Cepheids. All stars with periods lower than this limit cannot be considered as classical Cepheids (young intermediate-mass stars in the core helium burning phase).
We suggest that these stars are anomalous Cepheids, formed through the merging of a binary star system. This scenario of binary coalescence is often mentioned as the formation mechanism of anomalous Cepheids and blue stragglers (although direct stellar collisions may be a more likely mechanism for blue stragglers in dense globular clusters). A recent review of the properties of anomalous Cepheids (ACs) can be found in Nemec et al. (1994) as well as a complete census of known anomalous Cepheids and we will briefly recall the most important facts. They have been found in dwarf spheroidal galaxies and they are ∼ 1 − 2 magnitudes brighter than RR Lyrae. They are believed to be formed through the merging of two stars close to the turn-off of old stellar systems (the progenitors having masses of ∼ 0.7 − 0.8 M ⊙ ). Evidence for this comes from the high pulsation masses found for anomalous Cepheids which are estimated to be ∼ 1.5 M ⊙ (e.g. Wallerstein & Cox 1984) .
We computed the masses of these stars in the following way. We transformed our observed V − R data 1 to V − I using data in Bessell et al. (1998) . Equations (22) and (23) 1 Comparison of our data with published standard star sequences in the LMC shows that -18 -of Chiosi et al. (1993) give the masses as a function of M V , (V − I) and log(P ) (similar equations for the new pulsation models were not available to us), where we have used a distance modulus of 18.5 and a constant reddening E(B − V ) = 0.1. The distribution of masses is peaked at 3.2 M ⊙ , with 61% of the stars having a mass between 2.5 and 3.5 M ⊙ .
Furthermore, they are almost all brighter than V = 17, which means that they would be very bright and massive ACs. The possible solution actually resides in the history of the LMC. Evidence has been accumulating in the last few years that the LMC is a young galaxy, by astronomical standards. Most of the stars have been formed in a burst ≈ 3 − 4
Gyr ago (e.g. Bertelli et al. 1992 , Gallagher et al. 1996 , with a possible peak in the SFR ∼ 2 Gyr ago. A 2 Gyr old star at the turn-off, with a metallicity [Fe/H]= −0.6 has a mass of ∼ 1.4 M ⊙ . The merging of two such stars would produce an object with a mass in the observed mass range, it would also be more luminous. Having such a mass and metallicity, a merged binary could easily reach the instability strip and thus become an anomalous
Cepheid.
Another piece of evidence in favour of this scenario is given by double-mode Cepheids, since a large number of these have (fundamental) periods shorter than ∼ 2.5 days (the period of the break). Masses can be obtained for double mode Cepheids from pulsation theory. Morgan & Welch (1997) have determined possible masses for double-mode Cepheids and found fairly low values. One of their main conclusions is that double-mode Cepheids with log P ≤ 0.4 are on a non standard mass-luminosity relation, namely that determined by Simon (1990) that makes stars very luminous for a given mass. The masses and luminosities of the short-period Cepheids indicate that the mass-luminosity relation valid for these stars is close to that of Simon. This is in excellent agreement with the short-period double-mode Cepheids.
our photometric accuracy in magnitude and color is 0.035 mag.
-19 - Figure 3 shows the morphological distribution of LMC Cepheids. The visual impression is that Cepheids with log P ≥ 0.4 are more concentrated in the bar than short-period Cepheids. To test this idea further, we performed a two-dimensional Kolmogorov-Smirnov test on the positions in order to determine whether these two groups of Cepheids could originate from the same population. The result of this test is that we can exclude at the 99% confidence level the fact that these two groups of Cepheids originates from the same parent population. We also performed tests with different period sub-samples (e.g. 0 ≤ log P ≤ 0.4 compared to 0.5 ≤ log P ≤ 0.6) and these consistently gave the same result. This shows that classical Cepheids are sufficiently young that they have not yet been dynamically mixed, whereas ACs must have been mixed. This is another argument in favour of an intermediate-old origin of these objects.
Conclusions
The strongest conclusion is that the evolution models have to be modified in a sense that would correspond to a ∼ 7% decrease in mass. This means that for a given ZAMS mass, the luminosity will be larger and the core hydrogen burning time will be longer.
Both effects would be natural consequences of an increase of the overshoot parameter λ c .
However increasing the overshoot could influence the extension of the blue loops, in the sense that they would be shorter (see Alongi et al. 1991) . Another possible solution could be rotation (Talon et al. 1997) . Models for intermediate mass stars, including rotation, computed up to the end of helium burning would be extremely interesting in this context.
Modifying the evolutionary tracks, the position of the strip, the slope of the IMF or the SFR produce different results on the theoretical distribution. While there is some kind of "degeneracy" (for instance a small change in the position of the red edge can be partially compensated by a modification of the SFR), we can derive valuable quantitative -20 -constraints on stellar models and on the star formation history. Whereas Becker et al. (1977) obtained a qualitative agreement between the observed and theoretical distributions for the LMC, the present sample allows to infer quantitative constraints on the stellar models. The differences between the present study and BIT come from the use of improved stellar models, based on up-to-date input physics, and from a much better observational sample that allows clear mode identification. While an increase of star formation at ∼ 100
Myr had already been put forward by several authors, we have been able to quantify this more precisely and to derive a time scale for the propagation of star formation along the bar. This might help to improve dynamical models of the LMC-SMC-Milky Way system.
The IMF does not have a strong influence on the results because changing the IMF can be compensated for by modifying the SFR. However, we can can rule out a very large change of the slope of the initial mass function. The models allow us to constrain the slope to 2.35± ∼ 0.6. The fact that our results do not depend strongly on the IMF makes our conclusions on the SFR more robust.
It has been shown that, while stellar models can account for the bulk of the Cepheids observed in the LMC, there is a significant number of stars, all of fundamental period shorter than ∼ 2.5 days, that can not be considered as classical Cepheids. The fact that these stars could be the end product of a binary coalescence is an appealing solution.
It would resolve the mass discrepancy problem observed for double-mode Cepheids and provide a natural explanation for the relatively low masses of these stars. Given its star formation history in the last few Gyr, the LMC provides a reservoir of potential progenitors of Anomalous Cepheids. The stars we have found may be the massive, luminous and metal-rich analogs of anomalous Cepheids found in dwarf spheroidal galaxies.
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